Abstract Laser-induced breakdown spectroscopy (LIBS) is a powerful analytical tool for realtime diagnostics and detection of multiple elements deposited at the first wall of magnetically confined plasma fusion devices. Recently, we have tested LIBS in our laboratory for application to in situ real-time diagnostics in the fusion device EAST. In this study, we applied polarizationresolved LIBS (PR-LIBS) to reduce the background continuum and enhance the resolution and sensitivity of LIBS. We used aluminium (Al) (as a substitute for Be) and the first wall materials tungsten (W) and molybdenum (Mo) to investigate polarized continuum emission and signal-tobackground ratio (SBR). A Nd:YAG laser with first, second and third harmonics was used to produce plasma. The effects of the laser polarization plane, environmental pressure and polarizer detection angle were investigated. The spectra obtained without using a polarizer (i.e. LIBS) were compared with those obtained with a polarizer (PR-LIBS). Distribution of emission spectral intensity was observed to follow Malus' law with respect to variation in the angle of detection of the polarizer. The spectra obtained by PR-LIBS had a higher SBR and greater stability than those obtained by LIBS, thereby enhancing the reliability of LIBS for quantitative analyses. A comparison of Al, Mo and W showed that W exhibited a higher continuum with stronger polarization than the low-Z elements.
Introduction
Laser-induced breakdown spectroscopy (LIBS) is a multi-elemental analytical technique based on atomic emission spectroscopy in which a high-energy laser pulse is utilized as a vaporization and excitation source to create a high-temperature plasma in front of a target surface. Its innate advantages have permitted LIBS to find applications in biomedicine [1] , geological studies [2, 3] , environmental safety [4] , cultural heritage [5] , forensic science [6, 7] and online material composition analyses. Recently, LIBS has been proposed for the online diagnostics of plasma facing components of the next-generation fusion device ITER [8−13] . So far, LIBS has been applied to quantitative and qualitative elemental analyses of an ITER-relevant mixed material layer [14] and also tested for online diagnostics of fuel retention in the tokamak deposited layer (JET installation) [15] . We have also applied LIBS at the laboratory level for compositional analysis and depth profiling of the deposited layer on the first wall and for the first mirror cleaning at the tokamak EAST [16−19] . EAST is a fully superconducting tokamak with advanced divertor configurations [20] . The EAST operational process will inevitably lead to plasma interactions with the first wall, resulting in deposition, fuel retention, erosion and sputtering, generation of impurities, etc [21, 22] . Therefore, an effective method for in situ monitoring of the working state of wall materials is required. In LIBS, the spectral information (i.e. line and background intensity) is used to identify the elements and to perform quantitative analysis. The range of the emission spectra used for the elemental detection is typically from ultraviolet to near infrared. Therefore, for in situ online diagnostics to detect multiple elements in a single shot, an LIBS spectrograph with a broad range is suitable. Earlier, traditional LIBS spectra had a very strong continuum background even at low background pressure. On the other hand, the LIBS spectrum for tokamak wall diagnosis has been observed to have a very strong continuum background. Spectral line peaks were covered or even completely submerged, decreasing its analytical precision. Recently, certain techniques have been employed to reduce the continuum background in order to increase the SBR, e.g. double-pulse LIBS (DP-LIBS) [23, 24] and time-resolved LIBS (TR-LIBS) [25, 26] . DP-LIBS with collinear configuration can be applied to enhance the intensity of emission lines in diagnostics of the first wall. However, for the orthogonal DP-LIBS configuration, alignment and adjustment might increase the complexity, which limits its use for in situ characterization.
In TR-LIBS, the continuum background can be reduced by using a gated detection system to enhance the SBR. In this method, appropriate adjustments of delay and integration times are necessary to obtain maximum SBR. Recently, polarization-resolved LIBS (PR-LIBS) has been introduced to enhance the analytical ability of LIBS by reducing the continuum background [27−29] . This technique is based on the fact that the plasma continuum emission has strong polarization [30, 31] . In PR-LIBS, the continuum background is reduced simply by placing a polarizer before the detector.
High melting point and thermal conductivity and low erosion rate and tritium inventory of W make it suitable for plasma facing components of nuclear fusion devices. W has also been proposed as divertor material in the activated phase of ITER [32] . Mo, with its high melting point and high reflectivity over a broad range of wavelengths, is also an important material in plasma fusion technology [33] . Mo has been used as the first mirrors in the EAST and HL-2A tokamaks and is also a candidate for ITER mirrors. In this study, we irradiated W, Mo, and Al with lasers of varying wavelengths. PR-LIBS was used to investigate the emission (continuum and line) from laser-produced plasma. A comprehensive investigation was conducted to understand the effect of the laser parameters, polarizer angle and ambient pressure on PR-LIBS.
Experimental setup
A schematic of the experimental setup is shown in Fig. 1 . A Q-switched Nd:YAG laser (Brilliant Eazy, Quantel) with 5 ns pulse width and 10 Hz repetition operating at its fundamental (1064 nm), second (532 nm) and third harmonics (355 nm) was employed to produce plasma. Al, Mo and W of 99.95% purity were used as target materials. The target was mounted on a rotating stage, which provided a fresh surface exposure for each measurement. The laser beam was passed through the window of the chamber and focused perpendicular to the target surface by using a plano-convex lens of focal length of 25 cm. The measured spot size at the target surface was 500 µm. For the entire experiment, laser energy of 60 mJ was used, which gives 30.57 J/cm 2 fluence at the target. A half-wave plate and a quarter-wave plate were placed before the focusing lens to change the polarization direction of the polarized incident laser. A plano-convex lens with focal length of 10 cm was positioned at an angle of 15
• to the laser ablation point to collect the emission from plasma; this configuration simulates in situ measurement in EAST. In order to filter the continuum emission light (bremsstrahlung, recombination radiation), a polarizer (ultra-wideband polarization cube optical splitter, Sigma PBSW-20-3/7) was placed after the collecting lens. A broad range (200-980 nm) spectrograph with seven linear silicon CCD array detectors was used to analyze the spectrum. The entire experiment was carried out in an ultrahigh vacuum chamber in which the ambient gas pressure could be accurately controlled with millibar precision. To investigate the pressure dependence shielding effect on the emission from plasma, the chamber was first evacuated to 10 −6 mbar and then filled with air. To improve the consistency, every measurement was averaged over 50 spectra. All the spectra were acquired with an integration time of 1 ms. Typical LIBS and PR-LIBS optical emission spectra for Mo plasma are shown in Fig. 2(a) and (b) , respectively. The Mo plasma was produced at 1.4×10 −3 mbar air pressure with a Nd:YAG (1064 nm) laser. The spectrum without the polarizer consists of a series of discrete Mo lines (atomic and ionic) that are superimposed on a broad continuum. When the polarizer is placed with its polarization plane vertical to that of the plasma continuum, the background is significantly reduced, while the discrete emission lines (atomic and ionic) retain their intensities, as shown in Fig. 2 . Higher reduction in the intensity of background continuum than the discrete lines in the emission spectrum after introducing a polarizer indicates that the continuum is more polarized than the discrete line emission. To quantify the degree of polarization, the emission spectra were collected at varying polarizer angles. The polarizer was set to different values at 20
• intervals. The variation of the signal intensity at a given wavelength (704.2 nm) with the angle (α) of polarizer is shown in Fig. 3 . The data points are fitted to the Malus function [A+B cos 2 (α−α 0 )]. The reasonable fit of the data points with the Malus function indicates that the laser-produced plasma emission spectrum is partially polarized [28] . For analytical applications of LIBS, the precision and detection limits primarily depend on the SBR, and PR-LIBS is a very useful technique to reduce the background continuum and enhance the SBR. The signal is defined as the peak value minus the background, whereas the SBR is measured by dividing the signal to the background. The SBR of Mo I characteristic lines at 550.6 nm, 553.3 nm and 557.0 nm are enhanced from 1.5, 1.1 and 0.6 in LIBS to 11.2, 8.0 and 4.0 in PR-LIBS, respectively. The emission lines used for analysis are provided in Table 1 with their spectroscopic data. 
Effect of laser polarization on the emission of laser-produced plasma
A first harmonic (1064 nm) of the Nd:YAG laser with horizontally, vertically, and circularly polarized beams was used to investigate the role of the polarization direction of the incident laser on the emission spectra. In order to change the direction of polarization of the polarized laser, a half-wave plate and a quarter-wave plate were placed before the focusing lens. Fig. 4 shows the PR-LIBS spectra obtained by using the horizontally, vertically, and circularly polarized incident laser. It was observed that the type of polarization of the incident laser has no significant effect on the emission spectra. Therefore, we conclude that the incident laser has no significant role in the polarization of continuum emission from laser-produced plasma. The present results are consistent with those recently reported by Massudi et al [34] . When a nanosecond laser interacts with a solid target, the material is heated up to its melting point and then eventually ejected in vapour form. This initially ejected material with a low degree of ionization interacts with the remaining laser pulse, resulting in highly ionized plasma in front of the target [35] . At this stage, laser-plasma interaction promotes the absorption of laser energy by inverse bremsstrahlung and direct photoionization. This laser energy coupling with the initially ejected material varies with the incident laser wavelength [35] . Both the laser energy coupling to the target and the ablation rate were observed to be higher at 355 nm, causing higher electron density than at 532 nm or 1064 nm under the same power density [8] . Therefore, to investigate the effect of laser wavelength on ablation and the resulting plasma formation and polarized continuum emission, the first (1064 nm), second (532 nm) and third (355 nm) harmonics of the Nd:YAG laser with a linearly polarized beam were used to produce the plasma. However, we observed no significant effects on the polarization of the emitted radiation from plasma by using different wavelengths Furthermore, we investigated the features of polarized continuum emission from Al and W. The selection of these materials is based on the fact that Al with its low atomic number is used as a substitute for Be and high-Z W is an important first wall material. It would be interesting to observe the effect of materials with different properties on the intensity and degree of continuum emission from laser-produced plasma. The plasmas were produced by focusing a linearly polarized laser (1064 nm) on the target. Fig. 5 presents the emission spectra of Al, Mo and W produced with a fluence of 30.57 J/cm 2 and at 10 −6 mbar pressure. A comparison between different materials revealed that W has higher continuum emission than Mo and Al. The SBRs for Al, Mo and W are 0.36, 0.51 and 0.07 for LIBS, which increased to 1.4, 3.9 and 0.6 for PR-LIBS, respectively. The significantly enhanced SBR value for W with PR-LIBS indicated that the continuum emission from W was more polarized than that from Al and Mo. This fact supports the idea to use PR-LIBS for in situ diagnostics of the first wall. 
Effect of background pressure on SBR
The nature and pressure of the background environment have an effect on the plasma parameters (temperature and electron density) and the resulting plasma emission (continuum and line). The properties of the background gas play a crucial role in describing plasma emission from laser-produced plasma. In vacuum, the initially emitted material expands freely, resulting in less energy absorption from the incident laser as well as a reduction of interactions from collisions within the plasma. On the other hand, with increasing background pressure, the background gas confines and shields the plasma, which enhances plasma lifetime and resulting emissions. The ablation rate has been observed to increase with decreasing pressure [36] , which alternatively changes the emission. For analytical application of PR-LIBS, the study of SBR variation with pressure is important. To investigate the role of background pressure on the SBR for Mo and W, we irradiated the targets at varying background pressure ranging from 10 −6 mbar to atmosphere, as shown in Fig. 6 . SBR was observed to steadily grow with an increase in pressure irrespective of the nature of the material, attain its maximum value and then decrease with further increase in pressure. However, the maximum SBR was attained at 200 mbar for Mo and 100 mbar for W. The SBR was higher for Mo than for W at atmospheric pressure. The maximum value of SBR was observed at moderate pressure because of the low background intensity and higher line emission intensity. On the other hand, the greatest intensity of line emission from plasma occurred at high pressures, but the greatest intensity of continuum emission resulted in a reduction of SBR at even higher pressures. 
Conclusions
In this study, we applied PR-LIBS to reduce the background continuum and enhance the resolution and sensitivity of LIBS at low pressure level, of the order of the EAST operating pressure. A Nd:YAG laser at three wavelengths (1064 nm, 532 nm and 355 nm) was used to irradiate the target and produce plasmas. We used Al and the first wall materials W and Mo as targets to investigate the polarized continuum emission and SBR.
The spectra obtained without using a polarizer (LIBS) were compared with those obtained by using a polarizer (PR-LIBS). The results indicated that the continuum background was effectively reduced with PR-LIBS, which enhanced the resolution and detection limit of LIBS. By employing PR-LIBS, a 7-to 9-fold enhancement in the SBR was achieved. For the case of W, the enhancement in SBR with PR-LIBS was attributed to continuum emission from W being more polarized than that from Al and Mo. Our results suggest that the type of polarization of the incident laser has no significant effect on the emission spectra. In addition, variation of SBRs in the PR-LIBS as a function of ambient pressure (10 −6 mbar to 10 2 mbar) was investigated. The maximum value of SBR was observed at ∼100 mbar. The effect of polarizer detection angle on the emission suggests that the distribution of emission intensity followed Malus's law. The spectra obtained by PR-LIBS primarily showed a higher SBR and greater stability than those of LIBS, thereby enhancing the reliability of LIBS for quantitative analyses. A comparison of three different materials (Al, Mo and W) showed that W exhibited a higher continuum with stronger polarization than the low-Z elements.
